[1] Long-term observational data reveal that both the frequency and amount of light rain have decreased in eastern China (EC) for 1956-2005 with high spatial coherency. This is different from the trend of total rainfall observed in EC, which decreases in northern EC and increases in southern EC. To examine the cause of the light rain trends, we analyzed the long-term variability of atmospheric water vapor and its correlation with light rain events. Results show very weak relationships between large-scale moisture transport and light rain in EC. Because of human activities, pollutant emission has increased dramatically in China for the last few decades, leading to a significant reduction in visibility between 1960 and 2000. Cloud-resolving model simulations over EC show that aerosols corresponding to polluted conditions can significantly increase the cloud droplet number concentration (CDNC) and reduce droplet sizes compared to pristine conditions. This can lead to a significant decline in raindrop concentration and delay raindrop formation because smaller cloud droplets are less efficient in the collision and coalescence processes. Together with weaker convection, the precipitation frequency and amount are significantly reduced in the polluted case in EC. Satellite data also reveal higher CDNC and smaller droplet size over polluted land in EC relative to pristine regions, which is consistent with the model results. Observational evidences and simulations results suggest that the significantly increased aerosol concentrations produced by air pollution are at least partly responsible for the decreased light rain events observed in China over the past 50 years.
Introduction
[2] Precipitation is a key physical process that links many aspects of climate, weather, and the hydrological cycle. Changes in precipitation regimes and characteristics are of great importance to humans and the entire ecosystem. One factor that could contribute to precipitation change is aerosol particles from various natural and anthropogenic sources such as urban air pollution and biomass burning. Aerosol may affect precipitation through multiple processes. The direct radiative effects of aerosols mostly act to suppress precipitation because (1) aerosols decrease the amount of solar radiation reaching the Earth surface to reduce the heat available for evaporating water and energizing convective rain clouds and (2) carboneous aerosols absorb solar radiation in the atmosphere and heat the air above the surface, which combined with less solar radiation reaching the surface, leads to stabilization of the lower atmosphere and suppression of convective clouds [e.g., Ramanathan et al., 2001; Koren et al., 2008; Rosenfeld et al., 2008] .
[3] Besides direct radiative effects, aerosols also have important microphysical effects on clouds and precipitation through their influence on cloud drop nucleation, which affects cloud life time, cloud albedo, and precipitation [Ramaswamy, 2001] . Observations show that aerosols generally tend to decrease precipitation for shallow or warm clouds [Radke, 1989; Rosenfeld, 1999 Rosenfeld, , 2000 Rosenfeld, , 2006 Rosenfeld et al., 2001 Rosenfeld et al., , 2008 Andreae, 2004; Ackerman et al., 2003] . In other cases, however, aerosols may enhance rainfall by invigorating convection and accelerating the conversion of cloud water to precipitation [Williams et al., 2002; Koren, 2005; Lin et al., 2006; Bell et al., 2008] . By combining aerosols radiative and microphysical effects in the same metric, Rosenfeld et al. [2008] showed a relation between aerosol optical depth (AOD), CCN concentration, and convective clouds. They found that when the AOD or aerosol concentration increases beyond a certain threshold, adding aerosols would decrease the vigor of convective clouds because both microphysical and radiative effects work in the same direction reducing the release of convective energy aloft and also reducing radiative heating at the surface. However, these conclusions were obtained under idealized cloud scale with assumption of identical meteorological forcing. As reported by Levin and Cotton [2007] , it is difficult to establish clear causal relationships between aerosols and precipitation and to determine the sign of precipitation change in a climatological sense because changes in the ambient meteorological conditions can also influence precipitation.
[4] Asia, especially China, has been the most populated and rapidly developing region in the world during the last few decades. The ever-growing population and human activities have led to a rapid and continued increase in emission of aerosols and their precursors. For example, the number of vehicles in Beijing increased by a factor of 4, from 0.5 million in 1990 to 2 millions in 2002 [Tang, 2004] . With a 2.5-fold population increase emissions of fossil fuel sulfur have increased by about a factor of 9 since the 1950s [Qian et al., 2006 [Qian et al., , 2007a . These changes make China a unique region to investigate the impact of aerosols on regional climate and hydrological cycle .
[5] Many analyses based on long-term meteorological data have been performed in recent years to investigate the characteristics of decadal climate change in China. Studies have shown that much of China, particularly northern China, has undergone a warming trend caused mostly by increases in daily minimum temperature Wang and Gaffen, 2001] . However, other regions, most notably Sichuan Basin and some areas in central and eastern China, have experienced a decrease of daily maximum temperature leading to significant cooling trends [Qian et al., 1996; Qian and Giorgi, 2000] . On the basis of comprehensive analysis of measured pollutants and conventional meteorological records in the second half of the 20th century, it has been suggested that increased atmospheric pollutants from human activities during the past 5 decades may have produced a foglike haze that resulted in less sunshine and solar radiation reaching the surface, reduced evaporation, moderated the warming trend, and even reduced the daytime temperature over heavily polluted areas Giorgi, 1999, 2000; Xu, 2001; Kaiser and Qian, 2002; Qian et al., 2001 Qian et al., , 2003 Qian et al., , 2006 Qian et al., , 2007a . Most notably, these changes have emerged despite a concurrent decreasing trend in cloud cover over China [Qian et al., 2006] .
[6] While many studies conducted during the past 2 decades have revealed changes in the characteristics of precipitation at various time scales over China [Zhai et al., 1999; Endo et al., 2005; Ho et al., 2005; Zhai et al., 2005; Qian et al., 2007b; Fu et al., 2008; Gong et al., 2004] , it remains challenging to identify the causes of this variability. It is believed that the long-term trend and variability of precipitation in China, which is strongly related to the Asian Monsoon, are influenced by both natural climate variability (e.g., ENSO) and anthropogenic factors (e.g., greenhouse gases, aerosols, land use change), and their interactions Gong and Ho, 2002; Hu et al., 2003; Gao et al., 2003; Menon et al., 2002; Lau et al., 2006; Zhao et al., 2006; Gong et al., 2007; Qian et al., 2007b] . In the past 5 decades, total precipitation has increased in southern China, especially over the middle and lower valleys of the Yangtze (Chang-Jiang) River, with more frequent and stronger flooding reported since 1990 [Ren et al., 2000; Xu, 2001; Gong and Ho, 2002; Liu et al., 2005] . However, drought is becoming more severe over some areas in northern China, which is consistent with decreased total precipitation and/or rain days. The water shortage in northern China is further aggravated by the growing water demand due to rapid industrial and agricultural development and population growth.
[7] Several sensitivity studies, with or without accounting for aerosol indirect effects (i.e., aerosol influence on cloud droplet size and precipitation efficiency), have been conducted to investigate the effects of aerosols on precipitation in China [e.g., Giorgi et al., 2002 Giorgi et al., , 2003 Qian et al., 2003; Menon et al., 2002; Cheng et al., 2005; Huang et al., 2007] . However, no consensus has yet emerged from these studies using global-or regional-scale models. While aerosol direct effects were included in these studies, the microphysical effects of aerosols on clouds and convection were typically ignored or crudely represented. There are also several studies that attempted to detect the aerosol-induced precipitation signals in observational data. Zhao et al. [2006] examined meteorological data and MODIS aerosol data and suggested a possible positive feedback between reduced precipitation and increased aerosol concentration over eastern central China. Rosenfeld et al. [2007] examined meteorological data at Mt. Hua near Xi'an, China, and found an inverse relationship between air pollution and orographic precipitation. On the basis of air pollution and various meteorological data, Choi et al. [2008] recently examined the impact of aerosol on precipitation frequency and Gong et al. [2007] found a weekly cycle of aerosol-meteorology interaction over eastern China. These studies, based on various observational data, have all revealed the potential role of aerosols on precipitation changes in China. However, owing to difficulties in isolating the influence of aerosols and meteorological conditions in the observational data, it remains a challenge to attribute changes in precipitation to air pollution, as variability and changes in the large-scale environments cannot be ignored.
[8] The goal of this study is to further elucidate the role of aerosol on precipitation in China through a combination of data analysis and modeling. In section 2 we analyze daily precipitation data from 1956 to 2005 over stations in EC to examine the long-term trend and variability of precipitation characteristics, especially light rain events. In section 3 we investigate the trends for some dominant large-scale factors, including precipitable water (PW) and water vapor transport (WVT) that could potentially affect precipitation. In section 4 we analyze the long-term trends of visual range and emissions of aerosols and their precursors, and compare their spatial patterns with that of AOD, PM 10 concentration, cloud droplet number concentration (CDNC) and cloud droplet effective radius. In section 5 we present modeling results of three sensitivity experiments under relatively clean, moderately, and heavily polluted conditions, respectively, based on a cloud-resolving model with explicit bin microphysics. Conclusions and discussions are presented in section 6. This study is geographically focused on the eastern part of China [10] In this study, a rainy day is defined as a day with either precipitation unmeasured by rain gauge (i.e., drizzle) or measurable precipitation. According to the definition of CMA, light rain days are identified as those with daily precipitation less than 10 mm (abbreviated as p < 10), including drizzle events. In this study we also analyzed the light rain events for those days with precipitation less than 2 mm (p < 2) and 5 mm (p < 5). We divided the EC into two subregions, north EC (NEC, north of 34°N) and south EC (SEC, south of 34°N).
Trend of Total Precipitation for 1956 -2005
[11] Influenced by the abundant moisture from the southerly and southwesterly flows associated with the East Asian and Indian summer monsoon, precipitation is largest over southern China and decreases gradually from the southeastern coast to the northwestern inland in China [Qian and Leung, 2007] . The annual total rainfall is over 1500 mm in Southeast Coast, Pearl River, and the lower Yangtze River Basin, but less than 100 mm in the northwestern region.
[12] Figures 2a and 2b show the spatial pattern of trends for summer and annual precipitation amount, respectively, estimated using least squares technique. From 1956 to 2005, much of the southern part of EC has exhibited an increase in total precipitation in summer. The maximum increase of total precipitation is over the lower Yangtze River basin, with an increase of 1 -5% per decade. Much of the northern part of EC, more specifically along the Yellow River and Hai River basins, has exhibited a statistically significant decrease in total precipitation. The decreasing trend reaches 2-10% per decade. The annual mean precipitation exhibits a similar trend compared to summer precipitation because summer is the major rainy season in EC. This pattern of precipitation variation has been documented as ''South Wet and North Drought'' [Gong and Ho, 2002; Hu et al., 2003] .
[13] Figures 2c and 2d show the time series of summer and annual precipitation anomaly (in percentage) averaged over SEC, NEC, and the whole EC, respectively, for . While the trend of mean precipitation averaged over all stations in EC shown in Figures 2a and 2b is very small, the summer precipitation amount increased 2.3% per decade in SEC and decreased 2.1% per decade NEC, respectively, and both are statistically significant at the 95% significance level. The annual mean precipitation also exhibits a similar trend averaged over SEC, NEC, and EC but with a smaller magnitude compared to summer precipitation.
Trend of Light Rain for 1956-2005
[14] Although the amount of precipitation contributed by light rain accounts for only 25% of total precipitation in the NEC and 17% in the SEC, respectively, the number of light rain days (p < 10) accounts for around 83% in the SEC and 74% in the NEC in total number of rainy days during summer. Therefore, the majority of precipitation events are light rain in EC. , respectively, estimated using least squares technique. While total precipitation exhibits a trend of ''South Wet and North Drought,'' both the number of rainy days and precipitation amount from light rain events (not shown) present a spatially consistent decreasing trend over the entire EC, regardless of the . The number of light rain days has declined by 1 -4 days per decade. The trends are statistically significant at 95% significance level over the majority of stations (121 out of 162 for p < 2 and 118 out of 162 for p < 5, respectively). Only a very few stations, which are randomly located, show positive trends but none of them are statistically significant at 95% significance level. Figures 3b and 3d show the spatial distribution of linear trends of annual total number of light rain days. All stations exhibit decreasing trends by 5 -20 days per decade and the trends are statistically significant at 95% significant level over majority of stations.
[16] Figure 4a shows the time series of number of days with light rain (p < 10) averaged over SEC, NEC, and EC, respectively, for summer of 1956 -2005 . All three panels show decreasing trends. The light rain days decreased 2.3 days per decade in NEC and decreased 1.2 days per decade in SEC, both are significant at the 99% significance level. Averaged over EC, the decreasing trend of light rain days is À1.8 days per decade. In association with the declined rainy days, JJA precipitation amount contributed by light rains has decreased by 2.8% per decade for NEC and 1.1% per decade for SEC, respectively. Similarly, as shown in Figure 4b , annual light rain days decreased 6.9, 8.1 and 7.4 days per decade in NEC, SEC and EC, respectively. The annual precipitation amount contributed by light rains has decreased by 2.0% per decade for NEC and 1.3% per decade for SEC.
[17] To take a broader look at the changes in precipitation characteristics, we examined the trends of rainy days and rainfall amount as a function of precipitation rates [Fu et al., . The most significant changes are found for lighter rain with daily precipitation less than 2 mm d -1 , mainly contributed by drizzle. Furthermore, rainy days decreased by more than 5.2% (6.3%) per decade and rainfall amount decreased by 2.7% (2.9%) per decade for light rain less than 2 mm d -1 in the summer (all 12) months. For rain events with precipitation rate larger than 10 mm d -1
, both positive and negative trends can be found, but not statistically significant at 95% level. For extreme event with daily precipitation larger than 50 mm d -1 , a remarkable increase trend for both precipitation amount and rainy days can be found, implying that heavy precipitation has become more severe and more frequent. Together with the significant light rain reduction, this evidence suggests a shift of precipitation rate from light to heavy rain. Since the majority of precipitation events are light rain in EC, the frequency of precipitation (in all rates) shows a decrease trend in both SEC and NEC (not shown) in both summer and annual mean.
3. Trends of Large-Scale Atmospheric Fields 3.1. Data
[18] Atmospheric circulation data used in this section are from the European Centre for Medium-Range Weather Forecast (ECMWF) 40-year reanalysis (ERA40) [Uppala et al., 2005] , which includes geopotential heights, temperature, wind vector, and humidity from 1000 hPa to 100 hPa levels. ERA40 covers a time period from September 1957 to August 2002 and is archived on a 2.5°Â 2.5°longitude-latitude grid. Monthly mean are obtained by averaging daily data.
Precipitable Water
[19] A large-scale factor that correlates well with precipitation is the column total water vapor, or precipitable water (PW), in the atmosphere [Zhai and Eskridge, 1997; Simmonds et al., 1999; Zhou and Yu, 2005] . PW is defined as
where g is the acceleration of gravity and q is the specific humidity. Figure 6 shows the JJA mean PW trends from 1958 to 2002 on the basis of the ERA40 data. A slight but not statistically significant increase trend can be seen over the majority of EC, except for a small area near Bo-Hai bay. Regional mean trend of PW over the entire EC (20À45°N, 100À122.5°E) is 0.27 kg m À2 decade -1 (0.57%/10 years) which is statistically significant at the 90% confidence level. The increase trend is even stronger in the later 2 decades, and regional mean PW shows a trend of 0.65 kg m À2 decade -1 (1.4%/10 years) at the 90% confidence level. While the trends are not evident in the NEC, PW shows an increase trend at the 90% confidence level over the SEC (30°N and 30°S), and the magnitude of trend increases from 1% to 6% per decade from SEC coast to South China Sea. Annual mean PW exhibits a very similar trend compared to summer PW.
[20] If the trends in light rain are related to changes in large-scale moisture content in the atmosphere, we may expect a decreasing trend in PW generally over China. Instead, Figure 6 shows an increasing trend in PW, partic- ularly in SEC, that contradicts the significant decrease in the light rain events in EC.
Regression Analysis for Water Vapor Transport and Light Rain
[21] To further investigate possible influence of large-scale circulation changes such as water vapor transport (WVT) on the light rain trends in EC, we performed a regression analysis between light rain in EC and the vertically integrated moisture transport (Q). Here Q is defined as
where V is the horizontal wind vector and q is the specific humidity. Moisture transport above 500 hPa is neglected as its contribution to the total column moisture transport is relatively small. Q is decomposed into water vapor transport in the zonal (Qu) and meridional (Qv) components. Light rain frequency in EC, x, is calculated by averaging the light rain frequency for each summer (i.e., the fraction of the total number of days with light rain during the 92 days in JJA) over all stations in EC, and normalizing the frequency by the long-term averaged frequency between 1958 and 2002. We then calculated the regression coefficients (bu and bv) between Qu and x, and Qv and x, respectively, based on the following:
where ru (rv) is the correlation coefficient between Qu (Qv) and x, and s(Qu), s(Qv) and s(x) are the standard deviation of Qu, Qv, and x, respectively [Wilks, 1995] .
[22] As discussed in section 2.2, summer precipitation in China is strongly influenced by the prevailing southerly and southwesterly moisture transport associated with the monsoonal flows. Figure 7 shows the regression of vertically integrated moisture transport with light rain frequency (p < 5 mm d ) for all the summers between 1958 and 2002. The values of bu and bv are shown using arrows to represent both the magnitude and direction of moisture transport that favors light rain in EC. Shaded areas indicate that ru and rv are significant at the 95% confidence level.
[23] While the summer precipitation amount is well correlated with the vertically integrated moisture transport (not shown), Figure 7 shows that there is no spatially coherent moisture transport pattern that favors light rain frequency in EC. Although there are isolated regions in Bo-Hai Bay, North Indian Ocean, and South China Sea where the regression exceeds the statistically significant level, the moisture transport connecting those regions to EC is not apparent. This indicates that the correlation between light rain events in EC and large-scale moisture transport is weak during 1958 -2002. The same conclusion can be drawn on the basis of light rain events defined using the 2 and 10 mm d -1 thresholds (not shown).
[24] On the basis of the analysis of PW and WVT, we found no supporting evidence that the decreasing light rain trend in EC during the past 5 decades may be related to changes in the large-scale moisture content and its transport. Indeed, we are not aware of any working hypothesis by which the large-scale atmospheric conditions can lead to opposite trends in total precipitation and light rain as observed in EC. This strongly suggests that other mechanisms may play a dominant role in altering the precipitation characteristics in EC.
Variation of Air Pollution, Aerosols, and Cloud Droplets in China
[25] Air pollution and aerosol data used here include sulfur emission, PM 10 , visual range and AOD. Sulfur emission data are from Ren et al. [1997] and Giorgi et al. [2002] . Visual range in China was recorded by several bins of range before 1980 and by real distance after 1980 (see Figure 9 ) [Qian and Giorgi, 2000] . Visual range data are corrected on the basis of relative humidity so days with fog are eliminated in the study [Rosenfeld et al., 2007] . PM 10 is measured in major cities of China using the ambient air pollution index (API). The daily API and the corresponding pollutants (PM10, SO 2 , or NO x ) have been archived at the State Center of Environment Monitoring of China [see Gong et al., 2007] . We also used MODIS AOD data from Levy et al. [2007] and Remer et al. [2008] in this analysis.
[26] Figure 8 shows the spatial distribution of PM10, corrected visual range, AOD and sulfur emission over EC. Air pollution is most prominent over the eastern part of China, which accounts for more than 80% of population and GDP. Maximum values are located over Sichuan Basin, 
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Hua-Bei plain (including Shanxi and Shandong provinces), the Beijing-Tianjin megacity clusters, and Yangtze delta megacity clusters, both clusters are among the fastest developing regions in China. Observed PM10 concentration, visual range and AOD exhibit a consistent spatial pattern. They are also very well spatially correlated with the pollutants (e.g., sulfur) emissions from human activities, which imply that anthropogenic emission is the major source of air pollution and atmospheric aerosols in China.
[27] We are not able to calculate the long-term trend for PM 10 and AOD because data are not available for the earlier period of 1950s -2000s. However, we have more than 40 years of data for sulfur emission and visual range. Figure 9 shows that the total emissions of SO 2 in China had continuously increased from 1954 to 2000, with a few peaks around the early 1960s, early 1980s, and later 1990s, respectively. We don't have the measured emission data for other aerosols, such as Black Carbon (BC) or Organic Carbon (OC), for the complete 40 years, partly because the sources for those aerosols are more diverse. But it is no doubt that BC and OC aerosols have been increasing in the past 5 decades because (1) BC and OC share some common sources of emission with sulfur (e.g., fossil fuel burning) and (2) population and intensities of human activities have been increasing, although the increase rate may differ from that of sulfate. It can be seen from Figure 9 that the visual range has dropped dramatically in China from 1960 to 2000 while pollutant emission has gone up significantly. The [28] Since cloud droplets form on preexisting aerosol particles that act as cloud condensation nuclei (CCN), increased concentrations of atmospheric aerosol particles not only affect visual range but also change the size distribution of cloud droplets, thus affecting clouds properties, as well as precipitation characteristics (e.g., timing and rain rate distribution). Figure 10 shows the spatial distribution of cloud droplet number concentration (CDNC) and cloud effective radius for water clouds (CERW) averaged for 2003 -2006 . CDNC and CERW used in this study are derived from Moderate Resolution Imaging Spectroradiometer (MODIS) data using the methodology described by Bennartz [2007] . This study utilizes the level-3 daily atmospheric product, termed Atmospheric Daily Global Joint Product (collection 5) available at NASA Goddard Earth Sciences (GES) Distributed Active Archive Center (DAAC). The data are available on a 1 Â 1 degree grid. A subset of the daytime cloud parameters, which includes cloud fraction, cloud top temperature, effective radius, liquid water path, and optical depth was extracted and used in this study (see Platnick et al. [2003] and King et al. [2003] for details). Using cloud top temperature thresholds and cloud flag information, the MODIS data are screened to exclude any possible contamination with ice clouds. Furthermore, a minimum cloud cover of 50% within each 1 Â 1 degree grid was required to ensure reasonable statistics and retrieval accuracy. A detailed description of the data screening and derivation of CDNC is given by Bennartz [2007] . It should be noted that the original work by Bennartz [2007] was only applied to marine stratus clouds. While the technique in principle also works for clouds over land, the variable surface albedo may introduce additional uncertainties. Furthermore, the presence of high aerosol loads in the clouds or in the free atmosphere above the clouds may also have an impact on the CERW and CDNC retrievals (see Bennartz and Harshvardhan [2007] for a discussion of the impact of aerosol on cloud microphysical retrievals). Therefore, the resulting images of CDNC and CERW need to be interpreted with caution, especially with regard to the absolute values of CERW and CDNC.
[29] It can be seen from Figure 10a that CDNC is significantly higher over EC than the adjacent land (e.g., India and Southeast Asia) and ocean areas. CDNC reaches 200 per cm 3 over EC and the ocean downwind, but the highest concentrations are located over Sichuan Basin and central EC. CDNC is usually below 120 per cm 3 over more remote oceanic air. The spatial distribution of CDNC is very well correlated with that of PM10, AOD, visual range and pollutants emission shown in Figure 8 , which indicates that higher aerosol and CCN concentrations contribute to higher CDNC.
[30] Under otherwise identical conditions an increase in the number of available CCN will result in an increase in CDNC. It will also simultaneously result in a decrease in CERW, since liquid water will be distributed over more droplets. Figure 10b shows that CERW, with larger size droplets over pristine ocean and smaller ones over polluted land and downwind ocean, is spatially anticorrelated with CDNC. The mean CERW is around 14-20 mm over pristine ocean and 8 -12 mm over polluted areas. As pointed out by Brenguier et al. [2000] CERW will additionally be affected by the variations in cloud geometrical thickness within an observed cloud field, because the cloud top effective radius increases with increasing cloud geometrical thickness. Thus, while both quantities in principle are sensitive to changes in ambient aerosol conditions, CDNC will show a clearer relation between the availability of CCN and cloud microphysical parameters than CERW.
[31] These results from satellite data in China are generally consistent with the first indirect effect of aerosol; that is, more aerosol particles lead to more cloud droplets but with smaller average drop size under identical ambient fields. Analysis of cloud drop size for several regions and weather regimes around the world suggest a drop radius of 12 mm for warm rain threshold [Andreae, 2004; Rosenfeld, 2006] . Our analysis of long-term averaged CERW suggests a higher likelihood for precipitation to be found in the pristine oceans (mean CERW of 14-20 mm) than polluted regions (mean CERW of 8 -12 mm). We will further investigate how precipitation may be affected by aerosols through cloudresolving modeling described below.
Cloud-Resolving Model Simulations
[32] As introduced in section 1 the observations show that aerosols generally decrease precipitation in shallow or warm clouds. Meanwhile aerosol may also stabilize the lower atmosphere and suppresses the generation of convective clouds through their radiative effects [Fan et al., 2008] . Those effects may be applied, at least partly, to explain the observational evidence (i.e., decreased light rain events) presented in section 2. However, in some cases aerosols may enhance rainfall, particularly heavy rainfall, by invigorating convection [e.g., Khain et al., 2005; Fan et al., 2007a] . Khain et al. [2008] shows that the ambient meteorological conditions such as relative humidity can play a significant role in determining whether aerosols increase or decrease precipitation. To further investigate the role of aerosols on precipitation changes in China, we include a modeling component to provide further insights on how aerosols may affect light precipitation.
[33] We employ a cloud-resolving model referred as the System for Atmospheric Modeling (SAM) [Khairoutdinov and Randall, 2003] coupled with an explicit bin microphysics based on Khain and Pokrovsky [2004] to simulate aerosol effects on precipitation. SAM uses the dynamical framework of the large eddy simulation (LES) model of Khairoutdinov and Kogan [1999] to solve the equations of motion using the inelastic approximation. The spectral bin microphysics (SBM) solves a system of equations for eight number size distributions for water drops, ice crystals (columnar, platelike, and dendrites), snowflakes, graupel, hail/frozen drops and aerosol particles. Each size distribution is represented by 33 mass doubling bins; that is, the mass of a particle m k in the k bin is determined as m k = 2m k -1 . All relevant microphysical processes/interactions including droplet nucleation, primary and secondary ice generation, condensation/evaporation of drops, deposition/sublimation of ice particles, freezing/ melting, and mutual collisions between the various hydrometeors are calculated explicitly [Khain and Pokrovsky, 2004] . With the size-resolved aerosol and cloud microphysics, aerosol effects on clouds and precipitation can be better addressed.
[34] Details about the nucleation of droplets and ice crystals can be found in the work of Khain and Pokrovsky [2004] and Fan et al. [2009] . In this study, ice nucleation through the deposition and condensation freezing modes is calculated using the parameterization of Meyers et al. [1992] . Ice nucleation via immersion freezing is incorporated using the parameterizations based on the stochastic hypothesis formulated by Bigg [1953] . Contact freezing as a primary ice nucleation mechanism is neglected since contact freezing seems to be much less efficient when the number of immersion and contact IN are of the same order because of low collision efficiency [Lynn et al., 2005] . The longwave and shortwave radiation scheme from the National Center for Atmospheric Research (NCAR) Community Atmospheric Model (CAM3.0) [Kiehl et al., 1998 ] is employed to calculate the radiative effects of clouds.
[35] Three simulations, representing clean (C case), moderately polluted (M case), and heavily polluted conditions (P case), are performed to study aerosol effects on precipitation in EC. The total aerosol concentration (N a ) is set to be 1085, 5425, and 10850 cm À3 , for the C case, M case, and P case, respectively. Measurements [e.g., Shi et al., 2007; Gao et al., 2007; Chan and Yao, 2008] show that the total N a in urban areas can reach 1.0 Â 10 4 À 8.0 Â 10 4 cm
À3
in China. Gao et al. [2007] measured a N a number of 10670 cm À3 during summer in Jinan, a city in central EC. Therefore, an aerosol concentration of 10850 cm À3 represents a typical polluted condition in the EC region. Qian et al. [2006] shows that the pollutants emission resulting from fossil fuel consumption increased ninefold from 1950s to 2000s. To assess the impacts of aerosols on precipitation changes in the last 50 years, we prescribe N a in the C case to be about one tenth of the present value.
[36] The shape of aerosol size distribution is kept to be the same in all simulations. The initial aerosol size distribution is adopted from the typical continental case of Khain et al. [2005] . The computational domain is composed of 720 km and 24 km in horizontal and vertical directions, respectively, with a horizontal resolution of 500 m, and the vertical coordinates are stretched with resolution varying from 100 m in the lower atmosphere to 400 m in the upper atmosphere. Periodic lateral boundary conditions are used. The dynamic time step is 2 s and radiation calculation is called every 3 min. The sounding used to initialize the model dynamical fields is derived from Shouxian, Anhui province of China (32.5°N, 116.8°E), measured during the GAME/HUBEX field campaign in 1999 [Ding et al., 2001] . More details about this HUBEX data and the regional climate in this region can also be found in the work of Leung et al. [2004] . The observed forcing data are used to constrain the simulations every 6 h, while the observed sensible and latent heat fluxes are applied to the simulations every 4 h. Since our simulation is 2-D and only run for 1.5 days, it is not very realistic to compare the model results with the point measured or area average precipitation rates. Nevertheless, our simulation captures the storm and the stratiform and anvil clouds induced by the storm.
[37] Shouxian, approximately 500 km west of Shanghai, is also a central location in EC. During summer, there is abundant precipitation and high aerosol loadings from manmade sources. Except for the aerosol concentrations, the simulation setups are identical in all three cases. Our choice [38] The precipitation frequencies for low and median rain rates (<10 mm h -1 ) are presented in Figure 11 for the three experiments. Precipitation frequency of the P case is significantly lower than that of the C case in almost all lower rain rates. The maximum rain rate in the P case is 9.6 mm h -1 , which is about 6 times lower than that in C case. The distribution of precipitation rates for the M case is mostly between the C case and P case, but closer to the latter. The total precipitation in the low and median rain rates in the P case and M case are reduced by over 85% and 70%, respectively, relative to the C case. Although the modeled clouds do not present all cloud cases in the summer of EC, the significant reduction of precipitation frequencies in low rain rates indicates that Figure 11 . Sum of frequencies of rainy events (number of events) as function of rain rate for clean (C case), moderately (M case) and heavily polluted (P case) cases over the whole time period of simulations. increased aerosols potentially decrease light rain frequencies over the polluted areas.
[39] Figure 12 shows the cloud microphysical properties from the three cases to illustrate the suppression process of precipitation induced by aerosols. With the increase of aerosol concentration by 10 times from the C-to-P cases, CDNC increases by about 4 -5 times, which is qualitatively consistent with satellite observations over EC and the remote oceanic area within the domain (Figure 10a ). Figure 12 shows that raindrop concentration is significantly reduced and the formation of raindrop is delayed in the M case and P case, because collision and coalescence are much less efficient when droplet sizes are much smaller (see Figure 13) . The water drop radius (including cloud droplet and raindrop) in the P case is reduced by up to 50% relative to C case, which is also consistent with the satellite observation for CERW (Figure 10b ). Ice particle concentrations in the P case are about 10 times lower than those in the C case as shown in Figure 12 . Since aerosols are not directly used as ice nuclei (IN), ice formation is only related to ice supersaturation and supercooled droplets above the homogeneous freezing level in the simulations. Therefore, the lower ice particle concentrations in the M case and P case are mainly related to the much weaker convective strength, which lowers ice production as ice supersaturation is reduced and less cloud droplets are transported to the higher levels. Indeed, the maximum updraft velocity is 28.6 m s -1 in the M case, and it is 19.5 m s -1 in the P case, which is about 2 times lower than that in the C case. The suppression in convection in the polluted cases probably results from much stronger evaporation due to much more small droplets . In addition, the radiative effects of clouds that result from higher hydrometeor concentration and smaller sizes could also cause stronger cooling and suppress convection. It should be noted that only aerosol indirect effect is considered in the simulations. Including aerosol direct radiative effect would lead to further suppression of convection due to the reduction of surface heat fluxes [Fan et al., 2008] . The significant reduction in convection and precipitation under the moderately and heavily polluted conditions is consistent with the processes discussed by Rosenfeld et al. [2008] ; that is, high CCN concentrations were found to suppress convection and precipitation in both observational and modeling studies [Rosenfeld, 2000] .
[40] These model results suggest the plausibility that low and median precipitation rates can be significantly reduced when CCN concentration is increased by 5 -10 times. It is noted that some properties such as droplet size and precipitation rate do not change as significantly as droplet and ice number concentrations from the M case to the P case because these quantities are limited by available total water content. This is consistent with past studies [Fan et al., 2007b] that cloud droplet size and precipitation rate become much less sensitive to further increase of CCN concentrations in a polluted environment.
Conclusions and Discussions
[41] Precipitation is a key physical process that links many aspects of climate, weather, and the hydrological cycle. Long-term observational data reveal significant spatially coherent decreasing trends in both the frequency and amount of light rain in East China (EC) from 1956 to 2005. This feature is different from the pattern of total rainfall observed in EC, which shows a decrease trend in the northern part of EC (NEC) and an increase trend in the southern part of EC (SEC). The difference in light rain and total rainfall trends motivates this study to examine factors that may lead to a shift in rain rates that is evident in EC since the 1950s.
[42] We first examined the role of the large-scale moisture and its transport. We analyzed the variation of precipitable water (PW) and specific humidity, and found no evident trends in NEC. However, a small increase trend of PW is observed over SEC, which could provide a favorable moisture condition for precipitation. The increase of PW in SEC may partly explain the increase of precipitation amount in South China; however, it contradicts with the significant decrease trend in light rain events in this region. The results from regression analysis suggest that there are no statistically significant correlation between light rain events and favorable water vapor transport (WVT) and convergence pattern. Hence, we found no supporting evidence that the decrease trend in light rain in EC may be related to large-scale changes in moisture conditions. This strongly suggests that other mechanisms may have played a more dominant role in altering the precipitation characteristics in EC during the last 5 decades.
[43] It is known that anthropogenic aerosols from air pollution can affect precipitation via radiative and microphysical effects. Measurements of visual range and pollutant emissions both suggest that aerosol concentrations have dramatically increased from 1960 to 2000 in China due to an unprecedented increase in population and fossil fuel consumption. In EC, the observed PM 10 concentration, visual range and AOD exhibit a consistent spatial pattern. They are also very well spatially correlated with the pollutant (e.g., sulfur) emissions from human activities, which suggest that anthropogenic emission is the major source of air pollution and atmospheric aerosols in China. Satellite data provide evidence of higher CDNC and smaller droplet size over the polluted regions in EC relative to the surrounding Figure 13 . Vertical profiles of water drop (cloud droplet + raindrop) radius (mm) for clean (C case), moderately (M case), and heavily polluted (P case) cases.
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QIAN ET AL.: HEAVY POLLUTION SUPPRESSES LIGHT RAIN relatively clean region. The spatial distribution of CDNC is very well correlated with that of PM10, AOD, and visual range, which indicates that higher aerosol concentrations contributed to higher CDNC.
[44] Sensitivity experiments conducted for the studied region on the basis of a cloud-resolving model show that CDNC is increased and cloud droplet size is reduced under heavily polluted conditions, which results in a significant decline in raindrop concentration and a delay in raindrop formation because collision and coalescence are less efficient when cloud drops are small. In addition, much weaker convection under the heavily polluted condition results in much less ice formation and reduces cold rain. Therefore, precipitation frequencies in the low and median rain rates are significantly reduced in the polluted case compared to the clean case. In conclusion, observational evidences and simulations results suggest that the decreased frequency and amount of light rain could be related to the significant increase in aerosol particles due to air pollution in China.
[45] It is interesting to note that the observed precipitation (see section 2) did not show an evident decline in heavier precipitation larger than 10 mm d -1
. We argue that light rain is more susceptible to aerosol effects, but median to heavy rain could be influenced more by the large-scale ambient factors such as circulation and moisture (e.g., SEC in this study). As noted by Rosenfeld et al. [2008] , suppression of precipitation by aerosols from shallow clouds may result in an increase in precipitation from deeper clouds at the cloud scale . This has been demonstrated by some modeling studies that show that delay of early rain by aerosols can result in greater amounts of cloud water and rain intensities at the later stage of the cloud [Liu et al., 2002; Tao et al., 2007; Philips et al., 2007] . This suggests that aerosols may shift precipitation rates from light to moderate and heavy rains, as discussed in section 2.3 ( Figure 5 ).
[46] One complicating factor is how aerosols may influence precipitation through their influence on the atmospheric environments. For example, besides PW and WVT, atmospheric stability and vertical motion could also affect precipitation. Previous studies suggest that changes in the latter (atmospheric stability and vertical motion) could be related to aerosols as they cool the surface (by scattering and absorption of sunlight through the atmosphere) and warms the atmosphere (by absorption of sunlight) [Ramanathan et al., 2005; Lau et al., 2006] . To examine this factor, we calculated longterm changes in atmospheric stability and vertical motion on the basis of the ERA-40 data from 1958 to 2002 (not shown). We found no evident trend for static stability over NEC but a decreasing trend over SEC (À0.14 k decade -1 ). Consistent with the stability trend, there is no evident trend in vertical motion over NEC, but a trend of enhanced ascending motion is found in SEC. Similar to the changes of PW and WVT discussed in section 3, the observed trends of atmospheric stability and vertical motion may be used to explain the increase of total precipitation in SEC. However, they contradict the significant decrease in light rain in EC.
[47] In summary, this study provides strong and further observational evidence that the precipitation characteristics in EC have changed in the past 5 decades. Analyses of air pollution data, satellite data, and large-scale circulation all suggest that aerosols may have played a more dominant role in the observed decrease trend in light rain in EC. Additionally, our cloud resolving modeling results support the hypothesis that high aerosol concentration under heavily polluted condition could reduce precipitation at the lower rates for convection-induced clouds (including stratiform and anvils). Together with the more solid evidence from previous studies that aerosols suppress precipitation in shallow and warm clouds, we suggest that the significantly increased aerosol concentrations should at least be partly responsible for the observed decline in light rain events observed in eastern China in the past 50 years.
